Mycobacterium avium complex (MAC) currently comprises eight species of environmental and animal-associated, slowly-growing mycobacteria: Mycobacterium avium, Mycobacterium intracellulare, Mycobacterium chimaera, Mycobacterium colombiense, Mycobacterium arosiense, Mycobacterium bouchedurhonense, Mycobacterium marseillense and Mycobacterium timonense. In humans, MAC organisms are responsible for opportunistic infections whose unique epidemiology remains poorly understood, in part due to the lack of a genotyping method applicable to all eight MAC species. In this study we developed multispacer sequence typing (MST), a sequencing-based method, for the genotyping of MAC organisms. An alignment of the genome sequence of M. avium subsp. hominissuis strain 104 and M. avium subsp. paratuberculosis strain K-10 revealed 621 intergenic spacers ,1000 bp. From these, 16 spacers were selected that ranged from 300 to 800 bp and contained a number of variable bases, ,50 within each of the 16 spacers. Four spacers were successfully PCR-amplified and sequenced in 11 reference strains. Combining the sequence of these four spacers in 106 MAC organisms, including 83 M. avium, 11 M. intracellulare, six M. chimaera, two M. colombiense and one each of M. arosiense, M. bouchedurhonense, M. marseillense and M. timonense, yielded a total of 45 spacer types, with an index of discrimination of 0.94. Each spacer type was specific for a species and certain spacer types were specific for subspecies of M. avium. MST is a new method for genotyping of organisms belonging to any one of the eight MAC species tested in this study.
INTRODUCTION
Mycobacterium avium complex (MAC) comprises a growing number of species of slowly growing environmental and animal-associated mycobacteria responsible for opportunistic human infections (Turenne et al., 2006) . Mycobacterium avium comprises M. avium subsp. hominissuis, an environmental species responsible for opportunistic infections in pigs and humans including HIVinfected, immunocompromised patients (Komijn et al., 1999; Mijs et al., 2002) , and clones evolved from this subspecies, namely M. avium subsp. avium, M. avium subsp. silvaticum and M. avium subsp. paratuberculosis (Harris & Barletta, 2001; Thorel et al., 1990; Turenne et al., 2008) . Mycobacterium intracellulare is an environmental organism responsible for enlarged lymph nodes in children and progressive pulmonary disease in elderly women (Kyriakopoulos et al., 1997) . The analysis of the intergenic transcribed spacer 16S-23S rDNA region (ITS-1) has aided in the recognition of the species Mycobacterium chimaera, incorporating sequevar MAC-A organisms isolated from patients with pulmonary cavitations, pulmonary abscess, chronic obstructive pulmonary disease and bronchiectasis (Tortoli et al., 2004; Bills et al., 2009) , and of the species Mycobacterium colombiense, incorporating sequevar MAC-X organisms isolated from the blood and sputum of HIVinfected patients in Colombia (Murcia et al., 2006) and from diseased lymph nodes in children (Esparcia et al., 2008; Vuorenmaa et al., 2009) . Mycobacterium arosiense was recently described in an immunocompromised child with disseminated osteomyelitic lesions (Bang et al., 2008 The analysis of the partial rpoB gene sequence further distinguished Mycobacterium bouchedurhonense, Mycobacterium marseillense and Mycobacterium timonense organisms isolated from patients with pulmonary disease (Ben Salah et al., 2009) .
MAC organisms have been widely isolated from inanimate environments such as soil and water, including drinking water (Covert et al., 1999; Falkinham et al., 2001; Le Dantec et al., 2002; Santos et al., 2005; Hilborn et al., 2008) and water from a hospital water distribution system (Du Moulin et al., 1988) . Several animals, including birds, pigs, cattle and sheep, could be also colonized or infected by MAC organisms (Biet et al., 2005) . Despite the fact that several investigations found a statistically significant correlation between the exposure of patients to fresh water and MAC infection, demonstration of a microbiological link was lacking (Nishiuchi et al., 2007; Reed et al., 2006) or yielded only partial evidence of direct transmission (Hilborn et al., 2008) . Therefore, the source of MAC organisms responsible for infections in most patients remains poorly understood.
One limitation in understanding the source of exposure and risk of disease due to MAC species has been in part a lack of a genotyping method applicable to all organisms belonging to the MAC. Sequencing the 16S rRNA gene is only of value for the identification of MAC at the species level. Partial rpoB gene sequencing identified all species and M. avium subspecies but was not able to genotype MAC isolates (Ben Salah et al., 2008) . In fact, all methods have been applied to only a few MAC species (Blackwood et al., 2000; Cilliers et al., 1997; Kasai et al., 2000; Morita et al., 2004; Thierry et al., 1993; Tortoli et al., 2004; Turenne et al., 2006 Turenne et al., , 2007 Turenne et al., , 2008 including time-consuming RFLP analysis (Guerrero et al., 1995) and PFGE (Mazurek et al., 1993; Bruijnesteijn van Coppenraet et al., 2008; PestelCaron et al., 1999) .
In order to gain further knowledge of MAC species populations, in this study we developed multispacer sequence typing (MST), a new method for the genotyping of MAC organisms, based on the sequence analysis of four variable intergenic spacers. MST combines the advantages of PCR and sequencing, and allows the limitations of previous genotyping methods to be circumvented.
METHODS
Mycobacterium strains. Reference strains (see Supplementary  Table S1 Table S1 ). These isolates were previously characterized by hsp65 gene sequencing, insertionsequence typing, RFLP and large-sequence polymorphism (LSP) regions analysis (Turenne et al., 2008) .
Selection of intergenic spacers and primer design. The sequences of intergenic spacers were obtained after alignment of the M. avium subsp. hominissuis strain 104 (GenBank accession number NC_008595) and M. avium subsp. paratuberculosis strain K-10 (GenBank accession number NC_002944) genomes. Intergenic spacer sequences were then aligned by using the ssaha2 software (Ning et al., 2001) and were ranked by size from 100 bp to 1000 bp and by percentage of sequence similarity. The selection of spacers was done according to the following criteria: (i) a spacer sequence size comprised between 300 bp and 800 bp, in line with the capabilities of a single capillary sequencer run, and (ii) a number of variable bases ,50 within each of the 16 spacers in order to increase the probability that primers designed for the M. avium subspecies would also target other MAC species. PCR primers were designed using Primer3 software (http://fokker.wi.mit.edu). The specificity of PCR primers was predicted by comparing their sequences with those deposited in GenBank using BLASTN software (http://www.ncbi.nlm.nih.gov).
PCR amplification and sequencing of spacers. PCRs were carried out in a Biometra thermocycler (LABGENE Scientific Instruments). The PCR mixture (50 ml) contained 5 ml 106 Taq buffer, 200 mM of each dNTP, 2.5 ml 25 mM MgCl 2 , 1.25 U HotStarTaq polymerase (Qiagen), 1 ml 10 pM each primer (Eurogentec) and 5 ml purified DNA. Amplification was carried out using the following conditions: an initial 15 min denaturation at 95 uC was followed by 40 cycles of denaturation for 30 s at 95 uC, annealing for 30 s at 60 uC and extension for 1 min at 72 uC; amplification was completed by holding the reaction mixture for 5 min at 72 uC. Sterile water was used as a negative control in each PCR assay. PCR products were visualized under UV illumination after electrophoresis on a 1.5 % agarose gel stained with ethidium bromide. PCR products were purified by using a MultiScreen PCR filter plate as recommended by the manufacturer (Millipore). Forward and reverse sequencing mixtures contained 3 ml buffer (BigDye V1, Applied Biosystems), 2 ml BigDye Terminator reaction mix, 5 ml distilled H 2 O and 1 ml of 10 pmol primer ml 21 , in a final volume of 15 ml. The sequencing reaction comprised an initial 1 min denaturation step at 95 uC followed by 25 cycles of denaturation at 96 uC for 10s, annealing at 50 uC for 5 s and elongation at 60 uC for 3 min. Sequencing products were purified using Sephadex plates (Amersham Biosciences), centrifuged at 910 g for 6 min, and purified sequencing products were deposited on a MicroAmp Optical 96-well reaction plate (Applied Biosystems). Multiple spacer sequence analysis. Nucleotide sequences were edited using the AutoAssembler 2.1 software (Applied Biosystems). We determined the Hunter-Gaston index (Hunter & Gaston, 1988) for M. avium, M. intracellulare, M. chimaera and M. colombiense isolates (this was not done for the other species comprising only one isolate). Multiple alignments of sequences were carried out using the CLUSTAL_X software (Thompson et al., 1997) . Phylogeny reconstruction of all sequence alignments was performed in MEGA 3.1 using the neighbour-joining and bootstrapping methods (Kumar et al., 2004) . Each sequence was translated in silico with the web software ExPASy translate tool (http://www.expasy.ch) in order to verify the presence of potential transcripts. The Mycobacterium tuberculosis H37Rv genome sequence (GenBank accession number NC 000962) was used as an out-group root.
Stability assay. In order to check the stability of intergenic spacer sequences, we repeated MST genotyping as described above after two subcultures for isolate numbers 7, 10, 13/00, 59 and 71, M. intracellulare ATCC 15985, M. avium subsp. paratuberculosis strain K-10 and M. avium subsp. paratuberculosis ATCC 19698 T , randomly chosen for this purpose.
Reference IS1245-RFLP typing. Two M. avium subsp. hominissuis isolates were randomly selected in each one of the MST subclusters determined in this study in order to analyse them by reference IS1245-RFLP typing performed as previously described (Turenne et al., 2008) and to compare IS1245-RFLP typing with MST genotyping.
Discrimination power. The discrimination power of the MST and IS1245-RFLP genotyping methods was calculated using the HunterGaston index, which was estimated as
where N was the total number of isolates in the sample population, S was the total number of types described, and n j is the number of isolates belonging to the jth type (Hunter & Gaston, 1988) .
Nucleotide sequence accession numbers. Each genotype sequence was deposited in the GenBank database under accession numbers FJ417966-FJ417968, FJ417971-FJ417998, FJ418000-FJ418007, FJ418009-FJ418034, FJ418037-FJ418044 and FJ892702-FJ892715 and in our local database (http://ifr48.timone.univ-mrs.fr/portail2/).
RESULTS

Spacer sequencing
Of 621 intergenic spacers (,800 bp) detected via alignment of the genomic sequence of M. avium subsp. hominissuis strain 104 with that of M. avium subsp. paratuberculosis strain K-10, 16 spacers fulfilled our selection criteria. PCR primers could be designed for only 11 spacers as the sequence of five spacers was not conserved enough to allow for PCR primer design. After tentative PCR amplification of the spacers on seven reference strains including the M. avium subspecies, M. intracellulare, M. chimaera and M. colombiense, seven spacers could not be amplified in all reference strains. Further analyses were therefore undertaken using the four spacers herein referred to as MST2, MST4, MST15 and MST16 ( 
Stability assay
After two subcultures, spacer sequences determined were: ST-17 for isolate no. 10; ST-18 for isolate no. 13/00; ST-14 for isolate no. 59; ST-21 for isolate no. 71; ST-16 for isolate no. 7; ST-35 for M. intracellulare; and ST-6 for the two strains of M. avium subsp. paratuberculosis. The spacer sequences determined for these eight isolates after two subcultures were identical to those determined before subculturing.
Phylogenetic tree
The phylogenetic tree based on the concatenation of the four intergenic spacer sequences separated the MAC species into two principal clusters. One cluster comprised all the M. avium isolates and a second cluster comprised M. intracellulare, M. chimaera, M. timonense, M. bouchedurhonense, M. marseillense, M. arosiense and M. colombiense isolates (Fig. 1) As has previously been described, IS1245 genotyping on M. avium subsp. avium (Turenne et al., 2007) showed the expected three-band pattern with the same position for each band.
DISCUSSION
Selection bias of MAC isolates was minimized as we included clinical isolates from eight distinct countries, i.e. France, Canada, New Zealand, Australia, UK, Faroe Islands, USA and Colombia. However, we analysed only clinical isolates from human or animal sources and the application of MST to isolates collected from the inanimate environment remains to be studied. We observed that spacer sequence variability was due to mutations, deletions and insertions. We did not observe repeat variation or variable number tandem repeats, contrary to what is observed in Mycobacterium tuberculosis complex species (Djelouadji et al., 2008a, b) and Rickettsia species (Fournier & Raoult, 2007) .
The identification of recently described MAC species relied on 16S rRNA gene sequencing (Tortoli et al., 2004; Murcia et al., 2006; Ben Salah et al., 2009; Bang et al., 2008) . However, only one base (position 403) discriminates between M. intracellulare and M. chimaera, with 97.8-99.7 % 16S rRNA gene sequence identity among the different MAC species. We observed that each MAC isolate contained one or more STs whereas each ST was found in only one species. Despite the fact that MST discriminated most of the M. chimaera isolates from the M. intracellulare isolates, nevertheless MST provided limited discrimination among the M. chimaera isolates. In addition, hsp65, rpoB and ITS-1 sequencing were further used as a basis for the description of M. chimaera and M. colombiense and to complete that of M. arosiense, M. bouchedurhonense, M. marseillense and M. timonense (Murcia et al., 2006; Tortoli et al., 2004; Bang et al., 2008; Ben Salah et al., 2009) . In particular, the description of M. chimaera mainly relied on ITS-1 sequencing. Unsurprisingly, the percentage of ITS-1 sequence similarity values was in the same range as that we observed for MST, both systems being based on spacer sequencing. Because of the possible difficulty in resolving M. intracellulare and M. chimaera isolates and the fact that ITS-1, hsp65 and rpoB gene sequencing can identify all MAC species, MST may not be the most efficient tool for the accurate identification of any MAC isolate.
We further observed that some STs were found in only one of the four M. avium subspecies, suggesting that MST could be used for the identification of M. avium subspecies. In particular, MST analysis found one ST specific for M. avium subsp. silvaticum; however, whether a single spacer sequence, including a unique ST, is sufficient to support naming an organism as a unique subspecies requires further study (Turenne et al., 2008) . Indeed, multi-locus sequence analysis (MLSA) found that the number of single nucleotide polymorphisms (SNP) separating M. avium subsp. silvaticum from M. avium subsp. avium (n54) was similar to the number of SNPs found within M. avium subsp. avium (n56). In our study, we analysed only one M. avium subsp.
silvaticum by MST; nevertheless, this isolate exhibited a unique MST profile, as was also found using MLSA (Turenne et al., 2008) . MST analysis, being based on spacer sequencing, may indeed reveal a higher diversity than MLSA, which is based on gene sequencing, because less evolutionary pressure on spacers could yield higher sequence diversity. This point warrants further analysis. We further observed a high degree of diversity in M. avium subsp. hominissuis clinical isolates; sequence identity varied from 96.3 % to 99.9 %. Some spacers exhibited a higher degree of sequence diversity among the M. avium subsp. hominissuis isolates than among isolates belonging to other M. avium subspecies. This observation agrees with previous observations of heterogeneity among M. avium subsp. hominissuis isolates (Turenne et al., 2008) , and suggests that this group of organisms warrants further taxonomic investigation.
In this study, 106 MAC isolates belonging to eight MAC species were separated into 45 STs with an index of discrimination of 0.94. Moreover, we observed that sequences were stable after two subcultures; indeed, we obtained the same genotype for the isolates tested. This is of interest, as no method has been published for the genotyping of all organisms belonging to any one of the eight MAC species. Indeed, sequencing of the hsp65 gene or ITS-1, and the MLSA method were restricted to only some of the MAC species (Murcia et al., 2006; Turenne et al., 2006 Turenne et al., , 2008 . No genotyping method has been published for the recently described M. colombiense, M. chimaera, M. timonense, M. bouchedurhonense, M. marseillense and M. arosiense species. MST is therefore the first method published for the genotyping of any MAC isolate, regardless of the species it belongs to. The analysis of RFLP associated with IS1245 and PFGE, two reference methods for MAC genotyping, are time-consuming methods that require a large amount of mycobacterial DNA and provide comparative, rather than stand-alone results. MST, being based on PCR amplification as a first step, circumvents this limitation and allows genotyping starting from a single colony. Consistent with the different applications of classification methods (such as MST) and strain-tracking methods (such as RFLP), we observed that different MST types had different RFLP profiles but that inside a MST type the strains could have different RFLP profiles. These findings indicate that these methods are complementary. For identifying the species/subspecies of an organism, MST is simple and practical. When comparing two isolates, for instance looking for transmission or testing for clinical relapse, a method such as RFLP is likely to be more discriminatory. Although sequencing all spacers was necessary to identify all MST types, STs 17, 19, 29 and 30 could be defined by three spacers only, for STs 1, 3-8, 10-16, 18, 20, 22-26, 28, 35-37, 39 and 41 only two spacers were necessary, and for STs 2, 9, 21, 27, 31-34, 38 and 40-45 only one spacer was sufficient. Therefore, the MST genotyping could be simplified by first determining the sequence of spacer MST4, followed by the analysis of other spacers depending on the initial result (Fig. 2 ).
In conclusion, MST was unique in being able to classify MAC isolates into species, M. avium subspecies and strains.
We propose MST as a suitable method to genotype any MAC organism after species and subspecies identification.
